ABSTRACT Alate aphids (Homoptera: Aphididae) were collected at weekly intervals in 1988 in six California sugarbeet fields-three on each side of a boundary line which separates overwintered spring harvest beet fields in Solano County from fall harvested fields in Yolo County. Alate aphids landing on a yellow board during a 45-min morning collection period were captured live and tested for ability to transmit beet yellows virus (BYV) by allowing individual aphids to feed on healthy sugarbeet seedlings immediately after capture. Test plants were evaluated for BYV infection by enzyme-linked immunosorbent assay (ELISA). and aphids were preserved and later identified. Myzus persicae (Sulzer), Aphis fabae Scopoli complex, and Rhopalostphum padi (L.) were the principal aphid species which transmitted BYV. Five additional captured aphid species were found to be carrying BYV, including Macrostphum rosae (L.) and Amphorophora spp., which are reported as BYV vectors for the first time. Geographically distinct isolates of A . f a k e complex were collected from fields in Fresno, Monterey, Santa Barbara, Tehama and Yolo counties; M . persicae was collected from Yolo County and R . padi was collected from Fresno and Yolo counties. A laboratory colony of R. padi was also obtained from New York. All aphid collections were tested for their relative efficiency in transmitting BYV. Differential transmission ability was found among geographically isolated aphid colonies of the same species and also among the different genera. A. f a k e complex aphids from Santa Barbara County were the most efficient BYV vectors, followed by M . persicae, A . f a k e complex from Fresno County, and R . padi from Fresno County.
current BYV management strategy is similar to that recommended 20 years ago, with the addition of field leaf sampling for BYV infection to identify fields or areas which represent BY V reservoirs and to schedule such fields for early harvest to reduce BY V reservoirs. However, the incidence of BY V in California has increased in recent years due to changes in populations and species composition of the aphid vectors, changes in the implementation of beet-free programs (Temple et al. 1988) , and reduced control of ground keeper beets, weed beets, and other weed hosts of the virus (Duffus 1977 , Temple et al. 1988 . Overwintered beets adjacent to spring planted beets continue to serve as the principal inoculum source for beet yellows virus (Shepherd & Hills 1970 , Temple et al. 1988 .
Little is known about the aphid species responsible for spread of BYV in the field (Heathcote 1988) , and much of the evidence is based on repeated tests of suspected vectors. It is recognized that virus spread is more likely when vectors are less adapted to the virus host plant, because trangmission of virus depends on vector movement (Kennedy 1950 , Watson et al. 1951 , Heathcote & Cockbain 1964 ). The green peach aphid, Myzus persicae (Sulzer), has been recognized as the most important aphid vector of BYV (Watson et al. 1951 , Bennett 1960 , and does not prefer sugarbeet as a host plant (Gladders & Peters 1986 ). Jadot (1975) 0022-0493/91/0638-0643$02.00/0 0 1991 Entomological Society of America This article is the copyright property of the Entomological Society of America and may not be used for any commercial or other private purpose without specific written permission of the Entomological Society of America.
related the importance of M . persicae to field spread of BYV to this vector's mobility and restlessness. The bean aphid, Aphis fabae Scopoli, transmits BYV with less efficiency than does M . persicae in greenhouse tests, and is considered the second most important BYV vector (Watson & Healy 1953 , Cockbain et al. 1963 . Other aphids found in beet fields and known to transmit BYV in laboratory tests include Metopolophium dirhodum (Walker) (Russell 1965) , Brevicoryne brassicue (L.), Acyrthosiphon pisum (Harris) (Kennedy et al. 1962) , Macrosiphum euphorbiae (Thomas) (Watson et al. 1951) , Rhopalosiphum padi (L.) (Russell 1965 , Jadot 1975 , and Sitobion avenue (F.) (Jadot 1975 , Heathcote 1988 .
The purpose of this study was to assess BYV transmission by alate aphids captured in sugarbeet fields and to compare the efficiency of geographic isolates of selected vector species.
Materials and Methods
Aphid Identification. The ability to distinguish between Aphis craccivora Koch and A. fabae was under taxonomic scrutiny for the duration of this study. Therefore, we recorded these specimens as A. fabae complex. Random aphid samples were sent to the Department of Entomology, University of Idaho, lab to verify our identifications. Mounted voucher specimens are in the University of California, Davis Museum Collection.
Field Collection of Aphids and Determination of BYV Infection. A California beet-free boundary line separates September harvest sugarbeet fields (Yo10 County, 15 miles west of Sacramento) from overwintered May harvest fields (Solano County). Three sugarbeet fields located in the February plant/September harvest area, on the north side of the beet-free boundary (Yolo), and three located opposite these in the May plant/May harvest area on the south side (Solano), were sampled for aphids from 20 February to 11 May 1988. South side fields were separated by 1.6 to 4.8 km from north side fields.
Alate aphids were collected at weekly intervals from a collapsible, easel-type 1-m2 board painted John Deere yellow (Deere & Company, Moline, Ill.), erected in the field, 0.5 m above the ground. The sampling boards were painted yellow to attract M . persicae, thought to be the dominant BYV vector, and known to be attracted to yellow (Moericke 1951 (Moericke , 1955 . Such traps have been shown to give fairly reliable epidemiological information about species such as M . persicae and provide adequate information about aerial populations of other species (Robert et al. 1988) . Aphids were collected for a 45-min period between 0900 hours and 1200 hours PST, a time of peak aphid activity (C.G.S, unpublished data). All aphids landing on the yellow board were captured. A mouth aspirator with screen similar to that described by Sylvester (1962) was used to transfer aphids individually from the board to small clip-on cages, which in turn were clipped to a piece of stiff paper and immediately transported to the greenhouse. Clip-on cages were constructed of pieces of Tygon tubing (Norton Co., Akron, Ohio), 1.2 cm long and 1.2 cm in diameter, glued tot aluminum hair clips.
In transmission studies described in this paper, a 24-h inoculation access period (IAP) and a 24-h acquisition access period (AAP) were used to allow maximum time for probing and adapting to cage and greenhouse conditions, because evidence for optimal IAP and AAP is conflicting for M . persicae (Bennett 1960 , Sylvester 1956 , Gladders & Peters 1986 ) and undocumented for A. fabae. Upon arrival from the field, individual caged aphids were placed on virus-free sugarbeet seedlings (6-8 leaf stage) and allowed a 24-h IAP in a greenhouse maintained at 21 4 2°C. After the IAP, aphids were individually preserved in 70% ethanol for later identification. Test plants were maintained in a greenhouse at 21 _+ 2°C and evaluated for BYV infection by ELISA 4 and 8 wk after inoculation. Greenhouses were treated regularly with nicotine sulfate (Fulex nicotine fogger, 14% AI, A. H. Hummert Seed Company, St. Louis, Mo.) and monitored daily for contamination by stray aphids. Eight sugarbeet and eight New Zealand spinach (Tetragonia expansa Murr.) plants of the same age as the test plants were maintained in the same greenhouse as healthy controls.
Field and Test Plant Evaluation of BYV Infection by ELISA. Initial BYV infection in each sugarbeet field was assessed before aphid sampling began by walking a large arc through the field and selecting the youngest leaf large enough (26 mm) to sample by ELISA from 35 randomly selected beet plants. Leaf samples were taken every 4 wk until the infection level, determined with ELISA, reached a maximum.
Indirect ELISA was used to assay leaves for BYV antigens (Voller et al. 1976 ) using BYV antisera described by Reed & Falk (1989) . Leaf tissue was macerated using the Dayton leaf roller (Piedmont Tool and Die, Six Mile, S.C.) from a 26-mm disk, or equivalent area if leaf diameter was smaller, cut through the midrib and leaf center. Sap pressed from the tissue was diluted 1:10 (vol : vol) with SOdium carbonate buffer, pH 9.6, and transferred into Immulon-2 flat-bottom-well Immulon microtiter ELISA plates. Duplicate wells were used for each sample. Samples from three non-infected and three known BYV-infected sugarbeet plants of the Transmission Studies with Three Vector Species from Different Geographic Areas. A. f a h e complex were collected from sugarbeet fields in Yolo, Fresno, Monterey, Santa Barbara, and Tehama counties, and M . persicae was collected from Yolo County. R. padi colonies were obtained from Fresno and Yolo counties and from New York. Each colony was composed of at least 50 individuals from three or four fields, with the exception of R. padi from New York which was obtained as a laboratory colony. Upon arrival from the field, 100 aphids were membrane-fed a 50% sucrose solution on parafilm for 24 h. Approximately 50 first instar nymphs produced by these field-collected aphids were transferred from the membrane and caged on healthy 3-wk-old (6 leaf stage) sugarbeet plants or oats in the case of R . padi, for 3 wk in the growth chamber at 18.3"C, 32% relative humidity and a 12:12 (L:D) photoperiod.
The assumptions made in the membrane feeding procedure were that transovarial passage of BYV will not occur and that the sucrose solution between the parafilm membranes would not become a source of virus for the newborn nymphs (Sylvester 1980) . Predators, parasites, and disease are also excluded by selecting only the first instar nymphs.
Using a No. 1 camel's-hair brush, approximately 200 non-viruliferous apterae were transferred to a Petri dish (12.7 cm) containing two BYV-infected beet leaves. Aphids were allowed an acquisition access period (AAP) of 24 h in the laboratory at 22°C. At the end of the AAP, 120 apterae were confined individually in small clip-on cages on 120 healthy sugarbeet seedlings, for an IAP of 24 h in the laboratory. Seedlings were then moved to a greenhouse maintained at 21 3-2"C, treated with nicotine sulfate immediately and subsequently at 10 d intervals for 4 wk. Each test seedling was evaluated for BYV infection by ELISA 4 wk after inoculation.
Statistical Analyses. On several sample dates, one or more fields had low numbers of aphids but a high percentage of them were carrying BYV. Averaging percent infected aphids in these instances would have greatly overestimated true numbers of infective aphids. Therefore, number of infected aphids are reported as total infected aphids divided by total trapped aphids in all six fields on each sample date. Differences in transmission ability for the season among M. persicae, A . f a h e complex, and R . padi were tested using chi-square. Chisquare tests were also used to evaluate differences among geographic isolates of A . fabae complex and R. padi. Analysis of variance and Duncan's mul-' tiple range (1955) tests were performed to quantify differences in proportion of BY V-infective vectors among sample dates, using aphid x data interaction as the error term.
Results
Our initial objective was to capture and determine the relative infectivity of M. persicae, the principal BYV vector, throughout the spring aphid flight. However, because several species were collected, we report here on all aphids captured which transmitted BYV and which may therefore have a role in virus epidemiology. BYV Transmission by Field-Collected Aphids. Fields were monitored for aphids beginning 24 February 1988, but significant numbers of aphids were not observed on the yellow board nor in water pan traps in nearby sugarbeet fields until 16 March 1988 (V. E. Burton, unpublished data 1988). The weather in the weeks preceding the first significant aphid count was very windy, reaching 25 km/h and averaging 11.3 km/h between 1 and 16 March (University of California IPM Davis Weather Database Information 1988).
Myzus persicae, A . fabae complex, and R . padi comprised 75% of the total alate aphids captured during the study (n = 688). R. padi was the most abundant, comprising 33% of the total aphid catch. Vector numbers within individual fields were too low to provide meaningful information and were summed over all six fields for statistical analysis and reporting. The total proportion of infective vectors increased significantly (F = 3.02, df = 10, P < 0.05) throughout the sampling period reaching a maximum of 0.78 on 11 May, a two-fold increase from the beginning of the sampling period (Table  1) . Vector infectivity among the three species varied considerably with sampling date but was not significantly different ( P > 0.05) on any sample date or for the season (x2 = 2.15, n = 514, P > 0.05) (Table 1 ). In addition to the aforementioned vectors, five additional captured aphid species, Acyrthosiphon pisum, A. kondot Shinjii, Amphorophora spp., B . brassicae, and Macrosiphum rosae (L.), were found to be carrying BYV. Numbers were too few to permit statistical comparison with M . persicae, A. fabae complex, and R . padi, but the proportion of infective individuals was surprisingly high (Table 2) . BYV Transmission by Geographic Isolates. Due to differences in aphid mortality after the acquisition access period, the actual number of plants tested for transmission efficiency by feeding on healthy sugarbeet seedlings varied from 61 to 100. Transmission efficiency ranged from a high of 63% for A. f a h e complex from Santa Barbara County to a low of 14% for the A. f a h e complex from Tehama County. Significant differences for ability to transmit BYV were found among the five A. fabae complex collections (x* = 80.84, n = 506, P 6 0.001). A. fabae complex from Santa Barbara county had significantly higher BY V transmission ability than A. fabae complex from Fresno county (xz = 7.89, n = 175, P < 0.01). A . fabae complex from Monterey, Tehama, and Yolo counties did not differ in BYV transmission ability (Table 3 ) . R. padi from Fresno had a significantly higher BYV transmission ability than the New York (x2 = 13.30, n = 210, P < 0.01) or Yolo County R . padi (xz = 4.84, n = 205, P < 0.05); the latter two were not significantly different from each other (Table 4) .
Field Infection with BYV. Overwintered fields (south) contained various levels of BYV infection when sampling began in February, probably a result of fall vector flights (Table 5) . Plants in fields north of the boundary line were just emerging at this time. By 22 March, plants in the north fields were large enough to sample and process by ELISA, but no infected plants were detected. By mid-April, the percentage of infected plants on both sides of the boundary line had increased substantially and by May the north fields were 100% infected.
Discussion
While yellow traps are generally not considered attractive to cereal aphids, Robert (1987) reported that they are in fact attractive to such species, and obtained good correlation between yellow traps and suction traps (Robert et al. 1988) . Kieckhefer et al. (1976) found R . padi to be more attracted to green than to yellow light. However, they did show that approximately 35% of the R. padi were attracted to yellow. Pike et al. (1989) reported that R . padi comprised 43% of the total aphids collected in a suction trap located ~8 km from our sample fields. Our finding that 33% of the aphids removed from the yellow board were R . padi compares favorably with their findings and supports previous studies (Robert 1987) showing that cereal aphids can be captured in or on yellow traps. Our field study showed no apparent season-long difference among captured M . persfcae, A . fabae complex, and R . padi with respect to ability to inoculate sugarbeet seedlings.
Greenhouses transmission studies conducted to test individual aphids from geographically isolated colonies for BYV transmission ability showed. differences between species and among geographic collections of the same species. A . f a h e complex from Santa Barbara County was the most efficient vector of the aphids studied, followed by A. fabae complex from Fresno County, and M . persicae from Yo10 County. Variations in vectoring ability among 10 clones of A. craccivora have been found in other studies in the transmission of groundnut rosette virus (Sylvester 1980) and of spinach yellows virus, potato leafroll virus, barley yellow dwarf virus, bean yellow mosaic virus, pea enation mosaic virus, and cucumber mosaic virus (Swenson 1968 ).
R . padi was the dominant alate aphid captured on the yellow board in sugarbeet fields during the first weeks of the spring aphid flight. Past studies have suspected and then dismissed R . padi as a significant vector influencing the epidemiology of BYV (Watson et al. 1951 , Russell 1965 , Jadot 1975 .
It is unclear from this study what actual role R. padi plays in field spread of BYV, because its behavior with respect to feeding on beet plants has not been studied. The absence of known weed or crop hosts for BY V other than sugarbeets strongly suggests that viruliferous R . padi were captured after feeding on infected beets. At the time of this study, winter cereals, overwintered sugarbeets, and orchards were the dominant vegetation in the area surveyed. In the present tests, R . padi did not reproduce well on sugarbeets and were raised on oat seedlings to generate sufficient numbers for laboratory studies. When R. padi were transferred from oat seedlings to beet test plants during the transmission study, a high level of mortality was observed. This high mortality could explain the low transmission efficiency experienced in the greenhouse-reared aphids compared with R . padi collected from the field, where the previous host plant may have been less desirable to R . padi than oats. After confinement for 6 wk in pots containing both a sugarbeet seedling and an oat plant under growth chamber conditions, R . padi reproduced on sugarbeet plants, indicating that R . padi may become adapted to beets. Russell (1965) dismissed R . padi's role in BYV spread in part due to its infrequent association with sugarbeets. Our findings show that field-captured alate R . padi are efficient BYV vectors and suggest that this species may play a significant role in BYV epidemiology, especially if present in high numbers.
Neither M . rosae nor any Amphorophora spp.
has previously been reported as a vector of BYV. Their role in virus epidemiology remains to be determined. Summers et al. (1990) reported A . kondoi as a vector under laboratory conditions. Our present work confirms that it was a vector under field conditions but its role in epidemiology remains unclear.
No infected plants were found on 22 March, a week after aphid flights began, but by 21 May, infections in the north fields were well established.
Higher seasonal BYV infection rates in the north fields were probably due to the increased susceptibility of younger plants to BYV infection (Lange et al. 1971) , combined with the effects of a large spring aphid flight (Pike et al. 1989 ).
